Salt-in-polymer electrolytes based on graft copolymers with oligoether side chains and added LiCF 3 SO 3 (LiTf) are investigated concerning the transport and dynamics of the ionic species with respect to applications as Li ion conductors. Polymer architectures are based on polysiloxane or polyphosphazene backbones with one or two side chains per monomer, respectively. NMR methods provide information about molecular dynamics on different length scales: The mechanisms governing local dynamics and long range mass transport are studied on the basis of temperature dependent spin-lattice relaxation rates and pulsed field gradient diffusion measurements for 7 Li, 19 F and 1 H, respectively. The correlation times characterizing local ion dynamics reflect the complexation of the cations by the oligoether side chains of the polymer.
Salt-in-polymer electrolytes based on graft copolymers with oligoether side chains and added LiCF 3 SO 3 (LiTf) are investigated concerning the transport and dynamics of the ionic species with respect to applications as Li ion conductors. Polymer architectures are based on polysiloxane or polyphosphazene backbones with one or two side chains per monomer, respectively. NMR methods provide information about molecular dynamics on different length scales: The mechanisms governing local dynamics and long range mass transport are studied on the basis of temperature dependent spin-lattice relaxation rates and pulsed field gradient diffusion measurements for 7 Li, 19 F and 1 H, respectively. The correlation times characterizing local ion dynamics reflect the complexation of the cations by the oligoether side chains of the polymer. 7 Li and 19 F diffusion coefficients and their activation energies are rather similar, suggesting the formation of ion pairs and clusters with similar activation barriers for cation and/or anion long-range transport. Activation energies of local reorientations are generally significantly smaller than activation energies of long range diffusion. Long range transport is affected by (1) the coupling of conformational side chain reorientations to the cation movement, and (2) the correlated diffusion of cations and anions within ion pairs. Ion pairs and their dissociation play a major role in controlling the resulting conductivity of the material. Guidelines for material optimization in terms of a maximized conductivity can thus be derived by identifying a compromise between high ionic mobility and good Li complexation by the coordinating side chains.
Introduction
Polymer electrolytes, consisting of a salt dissolved in a coordinating polymer, are a promising class of solid electrolytes for electrochemical applications. The archetype of polymer electrolytes is polyethylene oxide (PEO) due to the coordinative bonds it provides for small cations. The first systematic study of PEO as an ion conducting salt-in-polymer system was published by Wright and co-workers [1] . Subsequently, Armand et al. explored their electrochemical potential and pointed out the promising application in future lithium ion batteries [2, 3] . A "solid" polymer electrolyte offers the advantage to avoid short circuits due to lithium dendrite growth. It thus prevents the leaking and enhances the safety of corresponding batteries [4] . For lithium-ion batteries, conductivities of the electrolyte equal to or higher than 10 −3 S/cm at room temperature are required in order to deliver high current densities and efficiencies. However, in polymer electrolytes based on pure salt-in-PEO electrolytes, the conductivities below 60
• C are rather small ranging between 10 −6 S/cm and 10 −7 S/cm [5] . Employing pure PEO as the polymer, the only parameter apart from the salt/polymer ratio that can be tuned for optimization is the molecular weight: At low molecular weight the electrolyte becomes fluid, whereas at high molecular weight the conductivity is low. To avoid these limitations, many groups have worked on an optimization of the polymer architecture and studied a range of different polymer electrolytes [6, 7] .
State of the art polymer electrolytes now reach conductivities of nearly 10 −4 S cm −1 at room temperature [8] . Some rare examples were reported with even higher conductivities ranging between 10 −4 S/cm and 10 −3 S/cm [9, 10] , although such materials most often lack the dimensional stability required for electrolyte membranes.
The polymeric component in a salt-in-polymer electrolyte itself needs to fulfil at least three important criteria to act as polymer host: (i) a glass transition temperature T g below room temperature, (ii) coordination sites at a suitable distance to stabilize the cations, and (iii) low barriers of bond rotation for high internal flexibility [7, 11] . Access to such properties is provided by various types of inorganic polymers.
Among the novel polymer materials investigated, polymers with an inorganic backbone, in particular polysiloxanes [12] [13] [14] [15] and polyphosphazenes [16, 17] , are considered as very promising. The primary advantages of these inorganic polymers are their highly flexible backbone with enhanced segmental mobility together with a high chemical as well as thermal stability. Another advantage is the ease of modifying their properties by a broad choice of different side groups attached to the silicon or the phosphorus atoms, respectively. In particular the grafting of short flexible oligoether (EO) chains, which act as coordination sites for Li ions is an attractive approach.
A widely used polymer family are the polyphosphazenes with poly(bis-(methoxyethoxyethoxy))phosphazene (MEEP) as one of the most prominent ones. This material was also the first polyphosphazene showing ionic conduction if a lithium salt is dissolved [16] . In the meantime polyphosphazenes have covered more application areas, for example as constituents in ion conducting self-assembled polymeric films [18, 19] .
The potential of polysiloxanes with dissolved lithium salts to serve as polymer electrolytes was discovered in the 1980-ies by various groups [20] [21] [22] . Comb like polysiloxanes with well defined solvating properties have been exploited using hydrosilylation in the presence of platinum catalyst as a means to introduce oligoether side chains [13] . In the last two decades, further investigations on poly-and cyclosiloxane based polymer electrolytes have shown that this is a promising class of polymer electrolytes with good electrochemical stability as well as good ionic conductivities [9, 15, [23] [24] [25] [26] [27] . A further advantage is the ease of chemical modification and the possibility of integrating polysiloxanes in copolymers and hybrid materials [9, 15, [23] [24] [25] [26] [27] [28] . Such graft-copolymers can reach conductivities up to 10 −4 S cm −1 at room temperature, which represented a big step from PEO based materials at that time. Nevertheless, it has been only in the last ten years that the number of investigations on these inorganic polymers has increased. The systems investigated here even show a conductivity at 30
• C of up to 1.3 × 10 −4 S cm −1 (or 6.9 × 10 −5 S cm −1 after cross-linking) [24] .
While many authors only use the achieved dc conductivity as a criterion for a successful electrolyte material, more detailed studies have evolved in the meantime, which aim at an understanding of the mechanisms of ion coordination and transport. Detailed characterizations were carried out by methods like infrared spectroscopy [29] [30] [31] , nuclear magnetic resonance (NMR) [32] [33] [34] [35] [36] [37] [38] [39] [40] and viscosimetry [41] [42] [43] [44] in order to clarify the interaction of the cations with a polymer network and their associated transport dynamics.
This contribution briefly reviews the progress made in our research program, where we combined systematic NMR studies for the characterization of short range and long range mobilities of the cations, anions, and the polymer moieties. We focus on the ion dynamics in polysiloxane and polyphosphazene based model polymer electrolytes with varying oligoether graft chains. Key questions in salt-in-polymer materials concern the relative contributions of cation and anion transport to the effective total conductivity, the extent of correlation between cation and anion transport as well as between ion transport and segmental motion of the polymer and their corresponding temperature dependences [7] . NMR techniques represent an excellent approach to study these questions, since each of the system's constituents, namely cations, anions and polymer, can be studied in an element-selective way utilizing the 7 Li, 19 F and 1 H isotopes. In the present contribution, we describe the local mobilities of all the species on the basis of temperature dependent spinlattice relaxation times T 1 . The dynamic parameters extracted from these measurements are compared with the respective diffusion coefficients, determined by pulsed field gradient (PFG) NMR as a measure of the long range (μm) transport. This approach enables to correlate short range dynamics and long range transport and provides an improved understanding of transport mechanisms.
Materials and methods

Materials
Two different types of graft copolymers were employed as the basis of the polymer electrolytes, i.e. oligoether-grafted polysiloxanes and oligoethergrafted polyphosphazenes, respectively. 3 via Pt catalyzed hydrosilylation according to a synthetic procedure described earlier [24] . This yielded the structures PSO5 and PSO5-X in Scheme 1. The polymerisation degree n was between 28 and 53 with an average around 35. For the cross-linked salt-in-polymer samples, n/x was chosen as 9 as a good compromise between good conductivity and mechanical stability of the resulting polymer electrolyte membranes.
To investigate the effect of the side chain length on ion transport poly(((2-methoxyethoxy)propyl) methyl siloxane) (PSO2), poly(((2-(2-methoxyethoxy)ethoxy)propyl) methyl siloxane) (PSO3) and poly(methyl((2-(2-(2-methoxyethoxy)ethoxy)ethoxy)propyl)-siloxane) (PSO4) were synthesized according to the same procedure as PSO5, see Scheme 1, left structure with m = 5 [24, 45] .
The polyphosphazene poly(bis(2-(2-methoxyethoxyethoxy))phosphazene) (MEEP) (see Scheme 1) was synthesized by living cationic polymerization.
The synthesis starts from lithium bis(trimethylsilyl)amide (97%, Aldrich), phosphorus trichloride (PCl 3 , 99%, Merck) and sulfuryl chloride (SO 2 Cl 2 , 98%, Merck), yielding the monomer trichloro(trimethylsilyl)phosphoranimine. With phosphorus pentachloride (PCl 5 ) the living cationic polymerization was initiated and with 2-(2-methoxyethoxy)-ethanol (MEE, 99%, Aldrich) poly(bis(2-(2-methoxy-ethoxy)ethoxy)phosphazene) was obtained. The reactions were done according to a previously described procedure [46, 47] . The chain length n was controlled by the concentration of PCl 5 (chain growth initiator). Average values were typically chosen between 400 and 600. The polydispersity index (PDI = weight average molecular weight divided by number average molecular weight) was between 1.4 and 1.6, as determined by gel permeation chromatography.
Lithium triflate, LiSO 3 CF 3 (LiTf), was obtained from Sigma Aldrich (battery grade) and tetrahydrofurane (THF) from Sigma Aldrich, purified and dried via distillation.
Polymer electrolyte samples
Salt-in-polymer electrolyte samples were prepared by addition of LiTf to the respective polymer by mixing in solution: Both components were first separately dissolved in THF, appropriate volumes of the solutions mixed and stirred for one hour. The solvent was completely evaporated by placing the sample in a vacuum at 40
• C for three days. The salt concentrations are described by the ratio of oxygens to Li in the sample, abbreviated as O : Li ratio, in order to facilitate the comparison of different materials.
To mixtures with cross-linkable polysiloxane a small amount of concentrated hydrochloric acid was added as a cross-linking catalyst. The solvent was removed by drying the corresponding sample in a vacuum for a couple of hours and afterwards in a drying oven for two days at 40
• C at atmospheric pressure for cross-linking to take place, and finally in a vacuum ( p = 10 −3 bar) for at least two days. In the following, the non-crosslinked and cross-linked salt-inpolysiloxane systems are abbreviated as PSO and PSO-X, respectively.
NMR experiments
All NMR measurements were carried out on a Bruker 400 MHz Avance NMR spectrometer with a liquid state probe head (Bruker, Diff 30), which provided a maximum gradient strength of 11.8 T m −1 for diffusion measurements. Selective RF inserts optimized for the 1 H, 19 F and 7 Li Larmor frequencies, respectively, were employed. The temperature was calibrated by a GMH 3710 controller with a Pt100 thermocouple (Greisinger electronics, Germany) and is controlled with a precision of 0.25 K. Samples for NMR measurements were placed in 5 mm glass NMR tubes (Wilmad), which were flushed with nitrogen and finally flame-sealed.
Spin-lattice relaxation times T 1 of the cation ( 7 Li), the anion ( 19 F), and the polymer ( 1 H, in the oligo-ether side chain) were measured with the inversion recovery sequence as a function of temperature as described earlier [48] .
Pulsed-field-gradient NMR (PFG-NMR) was used to measure the selfdiffusion coefficients of 7 Li, 19 F, and 1 H as described previously [48] . The decay of the signal in dependence on the gradient strength g resulted in the diffusion coefficient by fitting the exponential decay function
where γ is the gyromagnetic ratio, δ is the gradient pulse length and Δ is the observation time. Diffusion echo decays were well described by a single exponential fit, resulting in the diffusion coefficient D. Accordingly, using Eq. (1) for the signals of the respective nucleus, we determined the diffusion coefficients of lithium D Li (this contains diffusion information about free lithium ions as well as Li in ion pairs or other clusters), of the protons in the oligoether side chains of the polymer, D H , and of the fluorine-containing anions, D F , (containing diffusion of single anions and any pairs or clusters).
Information about local motions from spin-lattice relaxation rates
The local molecular motions are generally described by the spectral density function J(ω), which is the Fourier transform of the correlation function. The spin lattice relaxation rate R 1 is given by
where J(ω 0 ) and J(2ω 0 ) are the spectral densities at the Larmor frequency ω 0 and at 2ω 0 . Several models and methods can be employed to derive information from experimentally determined relaxation rates. Because the local dynamics are generally thermally activated with correlation times τ c typically following Arrhenius behaviour,
a plot of R 1 in dependence on temperature results in a maximum, where it is ω 0 τ c ≈ 1. In a model-free approach, the activation energy E 1 can be directly determined from the slope of the high-temperature branch of relaxation rates in dependence on inverse temperature [49] employing a fitting function
In cases where the temperature range available for experiments indeed yielded a linear dependence of the logarithm of the spin-lattice relaxation rate on inverse temperature, activation energies E 1 of the local motions were extracted from linear fits according to Eq. (4). On the other hand, with the assumption of motional models, the spectral density function can be analytically expressed, and model parameters determined from a comparison of Eq. (2) with the experimental data. The simplest such model is the assumption of isotropic rotational diffusion, yielding
which is termed BPP model according to Bloembergen, Purcell and Pound [50] . The constant A in Eq. (2) [53] .
Equations (2), (3) and (5) predict a symmetric R 1 (1/T ) curve with a maximum at the temperature where ω 0 τ c,m = 0.616. Using standard least-squares fitting methods the prefactors A and τ c 0 and the local activation energy E 1 can be extracted from such data.
Systematic deviations of the experimental data from such predicted R 1 (1/T ) curves, in particular the observation of asymmetric maxima in the temperature dependence are frequently observed and attributed either to nonexponential autocorrelation functions or dynamic heterogeneities (i.e. distributions of correlation times). To account for such deviations the spectral density suggested by Cole and Davidson (CD) [54] [55] [56] has been frequently used in place of Eq. (5)
where the parameter β (0 ≤ β ≤ 1) characterizes the width of the correlation time distribution. In the systems studied here, we showed that the BPP model can be applied to PSO and PSO-X for 19 F and 1 H, whereas for 7 Li it is not valid and data had to be evaluated with the Cole-Davidson model [48] . In the case of polyphospazenes, activation energies were extracted from the data using the model-free approach of Eq. (4) [57] .
The errors of the diffusion measurements can be estimated to 2% for fluorine diffusion and 3% for lithium and proton diffusion. Errors of the relaxation rates are 3%, and for the activation energy E 1 and for τ c 0 an error of −5% is estimated. 
Results, data analysis and interpretation
Conductivity
For the application in batteries the most prominent property is the ionic conductivity. For PSO5, it is given in Fig. 1 in dependence on the concentration of added LiTf salt [58] . The behaviour shown here is typical for the salt concentration dependence and can be explained bearing in mind that the conductivity is the sum over all mobile charge carriers summing up the product of their mobilities μ i , charges q i and number densities N v,i :
At low salt concentrations, the increase of the number density of dissociated salt ions, which predicts a linear increase, leads to an increasing conductivity. This increase is, however, not linear at higher salt concentrations, the conductivity even goes through a maximum and decreases above a O : Li ratio of about 8. Two effects can contribute to this: A decrease of the mobilities with increasing salt content, which overcompensates the increase of the ionic number densities, and possibly a decrease of the degree of dissociation with increasing salt content, such that the increase of the charge carrier density is much weaker than that of the total salt content. Viscosity experiments (not shown here) show that the overall fluidity of the polymer electrolyte monotonically decreases with salt content [58] . The salt may have a temporary crosslinking effect here, since the cations mediate an attractive coordination interaction between the chains [48] (see Sect. 4.3). 
Ionic self-diffusion
Detailed information about long range transport of the different molecular constituents can be obtained from self-diffusion coefficients. Diffusion coefficients were determined for a variety of conditions involving the polymer materials shown in Scheme 1 with varying concentrations of LiTf and at varying temperature. Figure 2 shows an example of the results, in this case PSO (Fig. 2a) and PSO-X (Fig. 2b) is presented at two different salt concentrations, i.e. O : Li = 34 : 1 (filled symbols) and O : Li = 9 : 1 (open symbols), respectively [48] . The temperature dependence of diffusion coefficients is generally of Arrhenius type. We note that PFG experiments are restricted to a limited temperature range, and there might be deviations from an Arrhenius law occurring over a larger range. Nevertheless, in the investigated temperature range the transport over μm length scales is characterized by a defined activation energy, which will be discussed further below.
There are significant differences between the diffusion coefficients for the different nuclei: While the values measured for lithium and fluorine are always very similar, the chain diffusion coefficients, as monitored by the oligoether proton signal are always about one order of magnitude lower. The similarity of the lithium and fluorine diffusion is due to the fact that a large fraction of LiTf exists in form of ion pairs, which undergo a correlated motion. This is further discussed in Sect. 4.1. Another general feature found in all systems is the fact that the anion diffusion is somewhat faster than the Li diffusion, another conse-quence of the Li being coordinated to the chain, while the anions have no strong interactions to polymer moieties.
While a chain diffusion slower than the ionic diffusion is expected, it is surprising that this difference amounts to only about one order of magnitude. This can be seen as a first indication of a strong coordinative interaction, which correlates the ionic motion to the chain motion and makes the former much slower than expected for the diffusion of small spherical objects in a non-interacting viscous matrix.
The addition of salt can have different effects on the diffusion in crosslinked or non-crosslinked systems, as further discussed in Sect. 4.3. The crosslinking generally decreases all diffusion coefficients by a factor of up to 10. In the case of protons it is surprising that this decrease is not more pronounced, since a much larger difference would be expected between the diffusion of single chains and that of chains in a fully cross-linked network. The cross-linking might be not complete, and single non-crosslinked chains might lead to the observation of an unexpectedly large chain diffusion coefficient even in the network.
Local ion dynamics
The long range motions, as monitored by dc conductivity data or by PFG NMR, are describing the molecular transport over the length scale of micrometers. A more detailed understanding of the interactions governing the molecular mechanisms of such long range transport can be gained by analysing the local dynamics of each species, again in a multinuclear NMR approach. Here, relaxation rates of the three nuclei 19 F, 1 H and 7 Li yield information about the local dynamics at the position of the nucleus acting as the label. Figure 3 shows relaxation rates of the three nuclei in dependence of inverse temperature for different systems [48] . In the PSO polymer electrolyte systems, in all cases there is a maximum which can be well determined. From this position, the prefactor A in Eq. (2) can be quantified and detailed temperature dependent correlation times can be extracted from these data on the basis of dynamic models: While for 19 F the BPP model can be applied, 7 Li data had to be evaluated by the Cole-Davidson model, both described in Eqs. (5) and (6), respectively. The exponent β CD in the latter model was generally about 0.8. We note that in other materials such as MEEP or PSOm with n = 22, where no R 1 maximum could be detected, the high temperature branch of T 1 was directly evaluated by an Arrhenius activation behaviour (data not shown) [57, 60] . Figure 4 shows a clear distinction of the correlation times extracted from these data for the different nuclei. τ c values of 7 Li are always larger than those of the protons, and generally up to one order of magnitude larger compared to 19 F. The fast dynamics of 19 F can be attributed to the free rotation of the CF 3 group. In comparison to similar polymer electrolytes, in the graft-copolymer system investigated here, the correlation times are about 1-2 orders of magni- tude smaller than in a blockcopolymer PEO-b-PPO with LiN(SO 2 CF 3 ) 2 [33] . The increased mobility in the present system is probably a direct consequence of the short oligoether chains, and shows the success of graft chains in providing a larger ion mobility. In all cases, also for the salt concentrations not presented in Fig. 4 , the temperature dependence of the correlation time is very well described by a single activated process. The activation energies do not show a major dependence on the salt concentration and are presented in Fig. 5 .
The fact that the proton local dynamics is fast compared to that of Li can be rationalized as follows: if Li is coordinated to 5 oxygens in the side chains, which Maitra and Heuer [61] show by computer simulations, then the local Li dynamics depend on the statistics of binding and unbinding to all these oxygens. In contrast, for each single ethylene oxide group and the local dynamics of its protons, the binding and unbinding statistics of just one single O−Li coordinative bond is relevant. As a matter of fact, the activation energies (see Fig. 5 ) of the proton local reorientations do not even depend on salt content, i.e. on the extent to which the sidechains are involved in lithium ion binding. This result suggests that -at least in the range of O : Li ratios of 341 : 1 to 9 : 1 studied here -the lithium ion binding makes a negligible contribution to the activation energy governing the local motions of the protons in the sidechains.
Activation energies of local and long range motion
In order to compare long range and short range mobility with each other and to test whether motions on the short range directly induce long range transport, it is interesting to analyse activation energies. For the data presented as examples in Sects. 3.2 and 3.3 they can be directly derived from the slope in Arrhenius plots of the local motion correlation time τ c (Fig. 4) and of the self-diffusion coefficients D (Fig. 2) . Figure 5 summarizes the activation energies of the PSO5-LiTf system. Activation energies show a clear separation: While the activation of the local motion of all nuclei requires less than 20 kJ/mol, all long range activation energies are clearly above that.
For the local motions, activation energies in our graft copolymer architectures can be compared to simple linear chain architectures: In a PEO-PPO electrolyte system with LiTFSI (LiN(CF 3 SO 2 ) 2 ) [53] and in an electrolyte system consisting of PEG with LiTf [62] , the activation energies of local motions for 7 Li were higher than in both systems presented here, i.e. PSO5 and PSO5-X. The activation of the lithium motion in our graft-copolymer electrolytes is thus facilitated. The fluorine activation energies for PEO-PPO and our graft chain electrolytes, however, are in the same range [53] , indicating that the large anion is not influenced by the structure of the polymer. This finding is not unexpected considering that the anion is coordinated to the cation and not directly to the chain.
Discussion of factors influencing ion transport
Pair formation
The degree of dissociation of the Li salt involved is a parameter of high relevance for the achievable conductivity, since the fraction of dissociated salt determines the density of charge carriers and thus the conductivity. A simple qualitative estimate of dissociation vs. pair formation is obtained from a comparison of the diffusion coefficients of the salt species Li and Tf to the diffusion coefficients D σ of the charged species as calculated from the Nernst-Einstein equation
Here e is the elementary charge, k B the Boltzmann constant and N v the number density of the charge carriers. Knowing the number of dissociated ions one can calculate the diffusion coefficients of the charged species D σ from the conductivity. In our case the degree of dissociation, α, is not known, thus, for the calculation of D σ , α is assumed to be 1 and N v is the total ion concentration. Thus, if the salt ions are not fully dissociated, the effective ion concentration N * v is N * v < N v , and D σ calculated from Eq. (8) is reduced. The comparison is shown in Fig. 6 , where the diffusion coefficients D Li and D F obtained from PFG-NMR are compared to D σ as calculated from corresponding conductivity data [24, 59] . Information about pair formation is given by the fact that both D F and D Li represent a weighted average of the respective ion in a salt molecule and in the dissociated state. With p being the fraction 
These equations present averages of quantities determined by NMR in the limit of fast exchange between two sites, which is valid here. In addition, it is
as an average diffusion coefficient over both charge carriers, reduced by a factor (1 − p) due to pair formation as described above. The extent of pair formation can be estimated from the deviation of D σ from D Li and D F , respectively. In the semi-logarithmic plot of Fig. 6 , the difference between D Li and D F and D σ is rather large, and an estimate shows it corresponds to a pair fraction of at least 90%, which is increasing with decreasing temperature. In the system with the higher salt content, Fig. 6b , the pair fraction seems to be somewhat larger. This trend is reasonable, since with increasing salt content the number of available oligoether sites per Li ion for coordination is decreasing. The temperature dependence reflects the fact that the entropic contribution to the dissociation equilibrium causes the pair form to be favored, because it is less strongly bound to the oligoether chains.
With the above set of equations (8 to 10) one could attempt to quantify the pair fraction and the unknown diffusion coefficients of the species Li + , Tf − and pairs. However, this renders four unknowns, while having only three equations. Stolwijk et al. have treated this problem by making several assump-tions about the activation enthalpies of dissociation and diffusion of different species, and thus exploiting the temperature dependence for a quantitative analysis of pair fractions [63, 64] . This approach worked for radioactive tracer diffusion data of salt-in-polymer electrolytes of linear chains such as PEO and random copolymers. Even for a system with additional foreign ions, combining PFG-NMR and tracer diffusion experiments, such models could be employed and yielded estimates of pair fractions [65] . For the present graft copolymer systems, however, the temperature range over which diffusion coefficients could be determined was too small such that in view of the errors, such assumptions do not yield reliable data. One reason for this difference is probably the fact that the pair fractions in graft copolymer electrolytes are indeed very large, since the short oligoether graft chains are not flexible enough to provide an optimum coordination, such that the interaction of the cation with the anion remains relevant and leads to correlated motion as a pair. Nevertheless, conductivities of the graft copolymer electrolytes are high, which leads to the conclusion that ionic mobilities are even higher than in classical polyethyleneoxide homopolymer systems -here the reduced coordination of the cation has a positive effect.
On the local scale, the correlation of the ion dynamics is much less pronounced. The similar magnitude of all local activation energies derived from Fig. 4 , and displayed in Fig. 5 , which differ only by a factor of two, shows that these local dynamics involve similar interaction energies of binding and unbinding. Coordination of the cation to the oligoether on the one hand and ion pair formation on the other hand appear to have similar interaction energies. The interplay of these interactions is of fundamental importance for the degree of dissociation of the salt in salt-in-polymer electrolytes, since this controls the conductivities that can be achieved.
In summary, it can be stated that ion pairs contribute with a correlated motion to the mass transport. On the other hand, the correlation of their local dynamics is less pronounced, and a strong correlation to the chain dynamics is always present. Ion pairs can thus be envisioned as contact ion pairs, see Scheme 2, where Li is coordinated to the chain but still forms a part of the ion pair, as the anion is loosely bound to the cation with lower activation energy of its local motion, but still strongly correlated to the position of the cation even over long time scales.
Effect of cross-linking
Since for application in Li ion batteries materials with a large mechanical stability are required, chemical cross-linking of the chains offers an easily feasible method to enhance stability in the present graft chain materials as well. This has the drawback, however, that the system becomes more rigid, conductivities are decreased [24] and this is also reflected in the molecular properties: As an effect of cross-linking, all the diffusion coefficients in the polymer electrolyte system are strongly reduced as compared to the non-crosslinked system. The differences amount to almost an order of magnitude, see Fig. 2a and b [48] . Interestingly, not only the chains, but even the ions are reduced in their diffusivitiy, which is an effect of their coordination, as discussed in the previous section. Activation energies of diffusion of Li and Tf are drastically increased and partly even exceed those of the chains, see Fig. 5 .
Though cross-links covalently connect the main chains of the polymers, and thus should be mainly effective on a long range scale, there are even effects on the local motions. All correlation times are slightly increased, compare Fig. 4a and b. Activation energies of local motions increase due to crosslinking, see Fig. 5 .
A complete decoupling of local and long range dynamics -which would be desirable to provide materials with high mechanical stability and high ion mobility -is not feasible this way. The increase of activation energies of local motions is not drastic, but there is a clearly detectable effect due to the restrictions occurring on a longer length scale.
Effect of salt concentration
The amount of salt in the salt-in-polymer electrolyte has an interesting influence on the dynamics. With increasing salt content there is a small increase of the diffusion coefficients measured for all the nuclear species in PSO5. This can be attributed to a plasticizing effect: The dissolved salt leads to an increased separation of the chains from each other and therefore to a larger free volume and an enhanced mobility. The diffusion coefficients are displayed in dependence on the O : Li ratio in Fig. 7 , where the increase with salt concentration can be directly observed. A similar increase, at least for 7 Li was also found in MEEP, see Fig. 7b [57] . In the cross-linked system PSO-X, Fig. 2b , however, the chain diffusion is hardly affected by the salt content and the 7 Li and 19 F diffusion coefficients are reduced instead of increased by more salt. Plasticization does not seem to play a role here, due to the polymeric network structure formed by cross-linking. Possibly the ions or ion pairs are hindering each other and are immobilised between covalently crosslinked chains.
As discussed in Sect. 3.1 already, an increasing amount of salt in noncrosslinked electrolytes enhances the viscosity and this can be attributed to ions acting as temporary crosslinks between chains. The effect of this cross-linking on the local dynamics is, however, very different from the effect induced by chemical cross-linking: Due to salt addition the motional correlation times all decrease, whereas they show an increase due to chemical cross-linking, see Fig. 4a . This is explained by the ions only forming temporary cross-links. A reduced local motion correlation time suggests a smaller coordination energy per ion, as a direct effect of the competition of a larger number of ions for coordination sites.
Effect of oligoether chain length
The oligoether chain is important for coordinating the Li ions and stabilizing the ionized form Li + relative to Li bound in an ion pair. It can be speculated which length of the oligoether chain is optimal. On the one hand too short chains might not lead to sufficiently stable coordinative bonds, on the other hand too long chains would reduce the advantages of graft copolymers over PEO homopolymers. There are hints from other materials on the relevance of the chain length, since it was found that side chains consisting of only 3 ether groups are too short for efficient Li complexation [66, 67] . Here, we compare results from PSOm with the number of ether groups in the side chain m varying from 2 to 4. In these materials, the conductivities are increasing with m when compared at the same oligoether oxygen to Lithium ratio O : Li [60] . Salt concentrations are given here in form of this ratio to provide comparability in terms of the number of available coordination sites, even at varying chain length.
The increase of conductivity with m is accompanied by a decrease of the local mobility, as Fig. 8 shows: Here, the activation energies of the local Li dynamics are increasing with m [60] . This implies that in the range from two to four oligoether groups the local coordination becomes stronger, as expected. Since the conductivity is still increasing up to m = 4, this enhanced local coordination apparently does not have a negative effect on conductivity. The explanation for this is that while very short side chains can themselves move only within a limited volume, longer chains have a longer accessible range, and thus chain motion can enhance the Li transport over very small length scales.
Another aspect might contribute to a larger conductivity for longer side chains: In this range of rather short oligoether chains enhanced chain lengths still improve the Li coordination and a reduction of the pair fraction can be expected. This trend still continues with an activation energy of about 15 kJ/mol when m is increased to m = 5, as comparison to Fig. 5 shows. On the other hand, comparison of long range transport parameters is not appropriate, since the main chain length and thus the viscosity are different for PSO5 as compared to the PSOm material with m = 2-4 that was studied here. Another interesting result supporting the above arguments is the strong dependence on salt concentration in Fig. 8 . It shows that even at O : Li ratios far above the number of EO groups coordinating a Li ion of 5-6 [61] . there is already a competition of Li ions for coordination sites and the activation energies become strongly dependent on salt concentration. For even longer side chains (m = 5, see Fig. 5 ), the salt dependence is less pronounced. It seems that especially for short side chains a sufficient number of coordinating oxygens is sterically not available for coordination.
Comparison of PSO and MEEP architectures
Though salt-in-polymer electrolytes based on polysiloxane structures PSO, or on polyphosphazene structures MEEP, respectively, show very similar properties in many respects, there are some differences that arise due to their deviating molecular structures. The main difference is, of course, the structure of the main chain being a siloxane or a phosphazene, and in addition PSO carries a methyl group and thus only one oligoether chain per monomer, see Scheme 1. MEEP carries two oligoether chains per monomer. However, since these only carry two EO groups each, plus an additional oxygen next to the phosphorus in the main chain, the total number of coordinating ethylene oxide groups per monomer can be considered similar in PSO5 as in MEEP. It is thus only the distribution, but not the number of coordination sites that is varied, and we can interpret the differences in this respect.
First of all, the discrepancy of D σ vs. D F and D Li is much larger in MEEP, suggesting a larger pair fraction. Furthermore, the diffusion coefficients are smaller in MEEP and their activation energies larger; the latter are compared for MEEP and PSO5 in Fig. 9 .
It thus seems that the distribution of coordinating sites onto more, but shorter graft chains in MEEP hinders coordination, which results in a larger fraction of pairs. Nevertheless the diffusion coefficients are smaller though the local motions are more rapid at a given temperature. It can be speculated that the transport might be hindered by a very dense arrangement of graft chains. An additional aspect is the fact that MEEP carries a N group in the main chain, the free electron pairs of which might equally act as coordination sites for Li. Apparently the distances of the coordination sites and their flexibility are not suitable for an optimized coordination in MEEP. PSO5 thus is the optimum candidate from the choice of materials that we studied in this project.
Conclusion
In summary, our investigations of several types of oligoether-grafted inorganic polymers show that on the on hand they have indeed interesting properties as salt-in-polymer electrolytes. On the other hand, the mechanistic studies of ion transport and dynamics reveal rather complex interdependencies of the dynamics of ions and chains in systems based on graft-copolymers. An important issue is the salt dissociation. It is remarkable that graft-copolymer systems reach very high conductivities, though they suffer from high pair fractions. In comparison to classical PEO homopolymers, their conductivity is enhanced due to much larger ionic mobility, but this occurs at the cost of lower fractions of dissociated ions. Further optimization of salt-in-polymer materials requires a further tuning of the Li coordination sites, which promote dissociation, but on the other hand too strong coordination causes undesired Li immobilisation.
Comparison of local dynamics and long range transport in this work sheds more light on the complex mechanisms, and noteworthily, they are not directly correlated to each other: The example of the chain length dependence, Sect. 4.4, shows nicely that the enhancement of local dynamics does not always lead to an enhancement of the long range transport. Long range transport is rather controlled by the delicate balance of the local interactions, when in particular Li coordination is competing with ion pair formation. Therefore, studies that shed light on the local mechanisms of transport and interactions are indeed very important in the optimization of novel polymer electrolyte materials.
